Introduction
Laser-driven neutron sources have recently attracted a great deal of attention due to their broad range of potential applications, favoured by a number of intrinsic advantages transcending conventional accelerator-based spallation sources [1, 2, 3, 4] , such as short pulse duration, minimal shielding requirements, reduced cost and compactness. Among various laser based schemes used for neutron generation, the so called pitcher-catcher scenario [5] has been shown numerically [6] and experimentally [7, 8, 9, 10] to produce highest neutron fluxes with pronounced anisotropy in neutron emission, favourable for beam transport and moderation. In this scheme light ions are accelerated from a pitcher target (the target irradiated by intense laser) and are allowed to collide with a secondary converter, where fusion reactions take place producing a directional, bright neutron source.
Light ions can be accelerated efficiently using intense short pulse lasers via a variety of established and emerging acceleration mechanisms, such as Target Normal Sheath Acceleration (TNSA) [11] , radiation pressure acceleration [12, 13] , relativistic transparency enhanced acceleration schemes [14, 15, 16, 17] , guided post-acceleration by laser-driven microcoils [18, 19] . Although TNSA is the most studied and robust acceleration mechanism, it is prone to accelerating preferentially the lightest ion species at the rear surface of the target, i.e. the protons produced from the hydrocarbon and water vapour contaminant layers present on the target surface [20, 21] .
Although the laser-driven, 10s of MeV protons can be efficiently deployed for neutron production [4, 22, 23] , there are several high cross-section reactions for neutron production, such as d(d,n) 3 He and d( 7 Li,n) 8 Be reactions, employing energetic (MeV) deuteron beams [24, 25] . Therefore mechanisms capable of accelerating bulk ion species and their subsequent use for neutron production are currently being explored by several groups [7, 8, 9, 24, 26] .
Due to many stringent requirements in terms of laser and target parameters for the aforementioned bulk acceleration mechanisms using ultra-thin foils, several methods for producing deuteron-rich ion beams based on the TNSA mechanism have been proposed [27, 28, 29] . Protons are preferentially accelerated in the TNSA mechanism because of their highest charge to mass ratio and the unavoidable hydrocarbon contaminant layer at the target surface. Therefore efficient acceleration of heavier ion species can be achieved either by removing the proton rich contaminant layers from the target surfaces, for example by resistive heating [30, 31] and using an ion sputter gun [32] , or by over coating the rear surface with a layer of hydrogen-free substance just before the interaction. The method proposed by Morrison et al. [29] is based on the deposition of a thin layer of D 2 O ice on the rear surface of the target foil. The ice layer buries the proton-rich contaminant layers and therefore optimises the acceleration of deuterium, being the lightest ion species at the rearmost surface of the laser-irradiated target. A 99%-pure deuteron beam was demonstrated recently by Krygier et al. [33] using D 2 O ice covered targets at Vulcan petawatt laser, with a laser-to-deuteron energy conversion efficiency above 9%.
Here we report on the bright, directional neutron beam generated using the deuteron-rich beam obtained during the same experimental campaign.
The deuteron beam produced by the ice-layered target was characterised using several Thomson parabola spectrometers positioned along different angles with respect to the target normal. By using a secondary deuterised-plastic (CD) converter, peak neutron flux in excess of 10 9 n/sr (for neutrons of energy above 2.5 MeV) in a forwardly directed beam of ∼ 70 o Full-Width-at-Half-Maximum was produced via the d(d,n) 3 He reaction, which is in good agreement with a simulation using the numerical modelling described in Ref. [34] .
The remaining of the paper is structured as follows. In Sec. 2 the experimental setup is discussed. The spectral characterisation of the deuteron-rich ion beam, in comparison with TNSA-driven sources from typical deuterated and non-deuterated targets, is discussed in Sec. 3, followed by (in Sec. 4) the spectrally and angularly resolved characterisation of the neutron beam produced from different target configurations (no-ice pitcher, ice-layered pitcher and ice-layered pitcher with catcher). The comparison between the experimental and simulated neutron beam spatial profiles is also shown in Sec. 4.
Experimental setup
The experiment was carried out using the petawatt arm of the Vulcan laser (Central Laser Facility, UK) [35] . The laser beam was focussed down to ∼ 5 µm spot on the target by using an f /3 off-axis parabola, after being reflected off a plasma mirror in order to improve the contrast ratio between the main pulse and the preceding pedestal. The Vulcan laser, of central wavelength λ ≃ 1.06 µm, delivered energies of 200 J on the target in pulses of 750 fs duration, leading to peak intensities on the target ∼ 2 × 10 20 W cm −2 .
The ice-layered targets used in the campaign consisted of 10 µm thick Au foils, with a 3 ± 1 µm thick layer of frozen D 2 O deposited on its surface. The thickness of the ice layer was characterised using 24 25 thin-film interference reflectometry. The in-chamber setup used for the ice deposition is shown in Fig. 1(a) , which, as discussed by Krygier et al. [33] , is mainly based on releasing a small amount of D 2 O vapour directed towards the rear surface of a cryogenicallycooled 10 µm thick Au foil. In order to compare the ion and neutron production from the ice-layered targets, several shots were taken with plain Au foils (without an ice layer) and ice-layered targets with and without a secondary catcher at the target rear side. The catcher target, consisted of a 2 cm thick CD cylinder placed at 5 mm behind the pitcher target, was deployed in order to enhance the neutron yield by light-ion fusion reactions inside the catcher. The ion beams produced by the irradiation of these targets were characterised using Thomson Parabola Spectrometers (TPS), as shown in Fig. 1(b) . The TPSs were used to characterise the multi-species ion spectrum along different directions. A differential filter [36] was placed on top of the TPS detector (BAS-TR image plates [37] ) in order to characterise the deuterium ions, which would otherwise overlap with other ion species of same charge to mass ratio (for ex. the O 8+ from the heavy ice layer).
The neutron beam was characterised by a suite of diagnostics fielded around the interaction point. Absolutely-calibrated neutron scintillators [38] were deployed in a Time-of-Flight (nToF) arrangement, at the farthest possible distance from the target (see Fig. 1(b) for positions and distances), and were shielded against Bremsstrahlung radiation produced in and around the laser-plasma interaction region, by using 10 cm of lead surrounding the detectors. The (distance, angle with respect to laser axis) of the four nToF detectors used in this paper were positioned at (5.9 m, 10 • ), (10.9 m, 0 • ), (4.3 m, 8 • ) and (2.7 m, 130 • ). The on-axis neutron spectra obtained via nToF were complemented by absolutely calibrated Bubble Detector Spectrometers (BDS) [39] , which provide neutron fluxes in six energy bins between 0.01 and 20 MeV. The neutron beam profile was measured using CR-39 nuclear track detectors [40] , placed at a short distance (2 cm) from the rear side of the catcher. The CR-39s were shielded using ∼ 5 mm lead to avoid possible exposure by the ions produced from the pitcher target. After exposure, the CR-39s were etched using a 6.5 M NaOH solution maintained at a temperature of 85 o C. Spatially-resolved neutron flux was estimated from the CR-39 data using the calibration reported by Frenje et al. [41] .
Characterisation of the deuterium-rich ion beam from ice-layered targets
A typical TPS traces of ion beam obtained from the irradiation of a plain Au foil is shown in Fig. 2(a) . As expected, the multi-species ion beam produced from this interaction is dominated by protons, with a minor contribution from other heavier species from the hydrocarbon and water vapour contaminants present on the rear surface of the target. The traces of the heavier ions can be seen in the gaps between the filters, as the differential filtering used in front of the detector was designed to stop ion species heavier than deuteron.
In order to accelerate deuterons via TNSA from thin foil targets, the usual practice is using deuteriumrich targets, such as deuterised plastic (CD) foils, in which ∼ 99% of the hydrogen atoms are substituted by deuterium atoms. The ion beam obtained from the irradiation of a 10 µm CD target is shown in Fig. 2(b) , where one can see a significant flux of high energy deuterons being accelerated along with the protons. However, as it can be seen from the ion spectra shown in Fig. 2(d) , the proton flux (green) is similar to that obtained from the Au target (black), constituting a major fraction of the net laser-ion conversion efficiency. Although these multi-species ion beams have been employed for producing neutron beams [25, 8] , a proton-free contamination layer at the target rear surface would lead to the acceleration of the deuterons more efficiently, which could lead optimising the neutron yield via the aforementioned (d,n) reactions [28, 24] .
Unlike the proton-rich ion beams produced by the Au and CD targets, the ice-layered Au foil produced an almost proton-free ion beam as shown in Fig. 2(c) [33] . In our case the hydrocarbon contaminants were buried underneath a D 2 O ice layer, which produced ion beams highly dominated by deuterons, as shown in Fig. 2(c) , with an estimated laser-to-deuteron energy conversion efficiency of ∼ 9% and a maximum deuteron energy up to 29 MeV [33] . The absolute spectra for both proton and deuterium ions obtained from the icelayered target are shown in Fig. 2(d) , which shows a significant enhancement in deuteron flux and energy compared to the CD targets, while the proton spectra was suppressed by orders of magnitude compared to both the Au and CD targets. Integrating the spectrum above the detection threshold of our TPS (E d ≥1 MeV/n), deuteron flux along the target normal is estimated to be ∼ 1.6 × 10 14 d + /sr for the case of icelayered target, which is an order of magnitude higher than that obtained from a CD foil (∼ 1.4×10 13 d + /sr).
Neutron generation
As mentioned in section 1, one of the motivations behind optimising the deuteron sources is neutron production via light-ion fusion reaction. In parallel with the ion beam characterisation, neutron ToF detectors were deployed to characterise neutron spectra along different angles with respect to the the laser axis (as shown in Fig 1) . Furthermore, a full suite of neutron detectors, as discussed in section 2, was employed in a number of dedicated shots in order to obtain full spectral and spatial profiles of the neutron beams generated from different target configurations. The data obtained from different shots are summarised in Fig. 3 .
In comparison to the case of a Au foil without the ice layer, one can clearly see ( Fig. 3(a) ) a significant increase in neutron flux and energy from a ice-layered target. The signal obtained from the reference Au foil accounts for the neutrons generated from proton, electron and gamma induced nuclear reactions within and surrounding the target, which is clearly insignificant (close to the detection threshold of the detectors, which for the data presented in the paper was notionally set to 2 times of the standard deviation of the noise in the signal trace) compared to those produced by the deuterated ice-layered targets. The high flux of neutrons obtained from the icelayered target can be attributed to deuterium induced reactions taking place at both front and rear sides of the target. The ice layer on the target was formed by cooling the target below freezing temperature and creating a D 2 O vapour ambience in proximity to the target. It is therefore conceivable that ice layers were formed on both sides of the target foil. Although a detail characterisation of the ice layer on the target front surface was not performed in the campaign, significant amount of deuterons are expected to be accelerated towards both forward (by the hole boring mechanism) and backward (by the sheath field produced by hot electrons) directions at the target front surface. In principle, these ions can contribute towards the overall neutron production by initiating fusion reactions with both the neighbouring Page 4 of 7 AUTHOR SUBMITTED MANUSCRIPT -PPCF-101303.R2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 3. (a) shows the comparison between raw signals from the on-axis ToF scintillator detector, obtained from reference Au foil shot (black), a foil with D 2 O layer deposited (blue) and a ice-layered pitcher -CD catcher shot (red). The raw signals were normalised taking into account the difference in the gain of the detector on shots. (b) and (c) show the comparison between neutron spectra, measured along different angles with respect to the laser axis, for the ice-layered pitcher only and ice-layered pitcher-catcher shots, respectively. The neutron spectra are obtained by using a detection threshold for the signal as 2 times the standard deviation of the noise in the signal trace.
deuterons inside the plasma cloud and the ambient D 2 O vapour. Similar situation coexists at the target rear surface, driven by the TNSA driven deutrons discussed earlier. It is difficult to estimate at this stage the relative contribution of the neutrons generated at the front and rear of the target towards the overall neutron flux measured in the campaign. Nevertheless, it is most likely that the higher energy (10s MeV) neutrons of higher flux observed along the forward direction are produced by the highest energy deutrons accelerated from the target rear surface via TNSA mechanism. As shown in ref. [33] , the ice-layered target typically produced deuterons upto 30 MeV/nucleon, which, based on the reaction kinematics, is consistent with the highest energy neutrons observed along the beam axis (see Fig. 3(b) ). In terms of neutron yield, the ice-layered targets produced on-axis flux of ∼(6±2)×10 8 n/sr for neutron energies above 2.5 MeV, which is significantly higher than that reported previously from shots without catcher (for instance while irradiating deuterated plastic foils under similar laser conditions [25, 8] ). The degree of anisotropy in neutron emission (the ratio between on axis and 130 o off axis neutron flux), which increases with increase in projectile ion energies [8] , also suggests that the neutron generation from the ice-layered target is mainly due to the fusion reactions triggered by the high energy deuterons from the target rear. A further increase (by a factor of 3) in neutron flux was achieved by efficiently converting the high energy ions into neutrons using a secondary catcher target. The increase in neutron signal in presence of a solid CD catcher can be seen in Fig. 3(a) . A highly beamed (anisotropy ratio ∼9) neutron flux (1.87±0.7)×10 9 n/sr for neutron energies above 2.5 MeV was obtained along the forward direction, which is amongst the highest neutron fluxes reported in literature [7, 8] . Specifically, this represent nearly a three fold enhancement in neutron flux with respect to the experiment reported in ref. [8] using CD pitcher and CD catcher at similar laser irradiance on the same laser facility.
While the d(d,n) 3 He reaction in a beam-fusion scenario mainly produces neutrons above 2.5 MeV, the lower energy neutrons can be produced by other deuterium-induced reactions, such as deuterium breakup, 12 C(d,n) 13 N [1, 42, 28] . As shown in Fig. 3(c) , neutrons of energy upto ∼ 40 MeV were measured along the beam forward direction, also higher (by a factor of ∼2) than the energies obtained while using CD foils as pitcher in ref. [8] . According to the kinematic of the d(d,n) 3 He reaction (E n = (E d /8) 8, 43] , where E d and E n represent the deuterium and neutron energies respectively along the axis and Q the Q-value of the reaction), such neutron energy would be expected from a beam-fusion scenario employing ∼ 36 MeV deuterons, which is similar to the maximum deuterium energy measured experimentally from the ice-layered targets [33] .
In order to characterise in detail the angular emission profile of the neutrons, and to complement the anisotropy measurements by the ToF detectors, a CR-39 stack was deployed in close proximity to the catcher. The neutron beam profile shown in Fig. 4 was obtained by counting the number of neutron-induced pits and using the calibration reported by Frenje et al. [41] . As can be seen, the neutron flux profile obtained from the CR39 is in good agreement with the data obtained from BDS and ToF dectectors. The difference between on-and off-axis neutron fluxes is clearly noticeable in the raw images of the CR39 surface, as shown in the inserts. The FWHM divergence of the neutron beam can be measured as ∼ 70 o , which is similar to the In order to substantiate the neutron beam profile obtained experimentally, the beam-fusion scenario was simulated using the model discussed by Alejo et al. in ref. [34] . The modelling was facilitated by the angularly resolved characterisation of the deuteron beam spectral profiles from a ice-layered target, and based on the premise that the neutrons above 2.5 MeV are mainly produced by the d(d,n) 3 He reaction due to the lack of protons in the accelerated ion beam from the ice-layered target. The input beam of deuteron in the simulation was modelled by interpolating the spectra obtained by the TPSs deployed along different angles, and by assuming a smooth spatial profile typical to the TNSA-driven beams. As shown in Fig. 4 , the simulation reproduces the experimental data which underpins the underlying neutron generation mechanism.
Such beamed emission of neutrons with high peak flux is greatly useful for its direct applications as well as for further transport and moderation. Nevertheless, there is significant scope for optimising the peak flux by deploying higher yield catcher materials (for ex. Lithium) [9, 24] .
Conclusions
Laser driven neutron sources are currently attracting a great deal of interest, pursued by many groups across the globe, constantly trying to find ways to optimize the neutron beam parameters. A highly-directional and bright neutron source was demonstrated by employing nearly-pure deuterium source from D 2 O coated thin targets irradiated by petawatt laser pulses. High energy and high flux deuteron and neutron beams were characterised both spatially and spectrally by deploying a full suite of ion and neutron diagnostics. Peak fluxes on the order of 10 9 n/sr for neutrons of energy above 2.5 MeV, with a divergence cone of ∼ 70 o FWHM, was obtained while using a CD catcher behind the ice-layered target. The neutron beam profile obtained in the experiment was reproduced by numerical simulations while using experimentally measured deuteron spectra.
Unlike the typical CD targets, which produces ion beams dominated by protons (being the species with highest charge-to mass ratio, protons are preferentially accelerated by the TNSA mechanism), the D 2 0 layered targets produce significantly higher flux of higher energy deuterium ions. Such enriched source of pure deuterium can, in principle, lead to a significant increase in neutron flux by using higher yield neutron converters, such as Li and Be. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
